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Introduction
High-strength, low-weight aluminium alloy components are widely used in aerospace structural applications. Aluminium alloy 2024-T351 is used in structural areas of the fuselage and wings where high stiffness, good strength and good fatigue performance is required. Additional corrosion resistance is obtained by roll-bonding commercially-pure Al-cladding to the material.
Whilst the aircraft is in service, damage such as scratches and pits can occur to the surface of the aluminium-clad system. The scratch morphology will vary depending on the mechanism of scratch formation, the forces involved, and the geometry of the object which caused the scratch. Fatigue cracks can grow and propagate from the base of these scratches, and the resultant fatigue life is highly influenced by the manner in which the scratch was produced. If a scratch is caused accidentally during a maintenance operation, for example, different tools will generate differing levels of residual stress around the scratch root, and the magnitude and extent of the residual stress field influence the way in which cracks from the root propagate in fatigue. The scratch geometry and sharpness of the root radius also affect crack initiation and propagation.
The residual stress that is generated during scratching is small and localized around the scratch root [1, 2] . In order to measure such residual stresses, a technique which has a spatial scale of a few microns is required. Nanoindentation techniques allow determination of the A c c e p t e d M a n u s c r i p t mechanical properties of materials in very small volumes. Several techniques have been developed to extract residual stresses from nanoindentation load-displacement curves [3] [4] [5] [6] [7] . However, in addition to residual stress, the load-displacement curve is also sensitive to effects such as work-hardening of the material around the scratch root. Thus around any scratch, the nanoindentation load-displacement curve response is a convolution of materials properties, work hardening and residual stress.
Hence in this study we are investigating the changes in hardness in the material when a scratch is produced. The results give information on the mechanism by which the scratches are produced, which will be used in the broader study for development of a method for extracting residual stress data from the nanoindentation load-displacement curves.
Theoretical Background
Depth-sensing indentation allows the determination of mechanical properties at very low loads and displacements. An indenter of known geometry is driven into the material surface by applying a known load, and the load-displacement data is analysed. As the indenter is driven into the material, both elastic and plastic deformation processes occur, producing a hardness impression that corresponds to the shape of the indenter. The total penetration depth is the summation of the elastic and plastic deformations of the material beneath the indenter tip. The plastic depth is used to determine the contact area. During unloading, only the elastic portion of the displacement is recovered, and this effectively allows separation of the elastic properties of the material from the plastic. A schematic representation of indentation load P versus displacement h obtained during one full cycle of loading and unloading is presented in Figure 1 .
One of the more commonly used methods for analyzing nanoindentation load-displacement data is that of Oliver and Pharr [8] . In the Oliver-Pharr method, hardness and elastic modulus are determined from indentation data obtained during one complete cycle of loading and unloading. According to this method, the unloading curve is fitted to the power-law relation:
where P is the indentation load, h is the displacement, B and m are empirically-determined fitting parameters, and h f is the final displacement after complete unloading. The depth along which contact is made between the indenter and the specimen, h c , can also be estimated from the load-displacement data using:
where h max is the maximum depth of penetration at P max , the peak indentation load, and  is a constant which depends on the geometry of the indenter: for a Berkovich indenter  =0.75.
Once the parameters B and m are obtained by curve fitting, the initial unloading stiffness S can be established by differentiating Eq. (1) at the maximum depth of penetration, h = h max :
A c c e p t e d M a n u s c r i p t
The hardness is then determined by the relationship
where H is hardness, P is the load and A is the projected contact area at that load. The projected contact area of the hardness impression, A, is derived by evaluating an empirically determined indenter shape function at the contact depth, h c ; that is, A = f(h c ). To a first approximation, the shape function, A = 24.5 h c 2 relates the cross-sectional area of the indenter to the contact depth, although calibration of the indenter function is required to allow for deviations from a perfect indenter tip shape at small indenter penetrations.
The elastic modulus is determined from a modified form of Sneddon's relationship [9] , viz:
where E r is the reduced elastic modulus, S is stiffness and  is a constant that depends on the geometry of the indenter. For indenters of triangular cross-section like the Berkovich and cube-corner indenters, = 1.034. The reduced modulus, E r is used to account for the fact that elastic displacements occur in both the indenter and the sample. The elastic modulus of the test material, E s , is calculated from E r using:
where E s and  s are the elastic modulus and Poisson's ratio for the test material; and E i and  i are the elastic modulus and Poisson's ratio for the indenter. For diamond, the elastic constants E i = 1140 GPa and  i = 0.07 are usually used.
Materials and Experimental details

Material details
The materials used in this study were in the form of cold rolled plate of Al2024-T351 of 2 mm total thickness, with an aluminium cladding of 80 µm on both faces as shown in Fig. 2 . Some samples of Al2024 were also prepared without cladding by chemical milling of the clad material, leaving only 2024. The grain size of the Al2024-T351 was determined by quantitative metallography and electron back scattered diffraction (EBSD), and was found to be~20 µm. Figure 3a shows a secondary electron image and figure 3b shows an EBSD image of the surface of the Al2024-T351 plate. It can be seen from the EBSD image that the grains are randomly oriented in the Al-plate. The grain size of the Al-clad was not measured directly here owing to the difficulties of preparing metallographic samples of such a thin, soft layer which is difficult to etch, but previous work has shown it to be in the range 30 -70 µm.
Introduction of Scratches
Various scratches were made using two different automated diamond tools. A schematic of a typical scratch geometry is shown in figure 4 . The scratch has a notch depth b, width a, root radius R, and a notch angle of 2. Two tools were used, designated tool A and tool B. An example of the different scratch profiles generated by these tools is shown in figure 5 .
Scratches made by both tools resulted in a scratch root radius of ~5 µm. Tool A generated scratches with a non-symmetric cross-section (figure 5a), which was seen on all scratches made with this tool and which was caused by a flaw on the tool.
Scratches were made to controlled depths, but elastic recovery of the scratches after the load was removed, and the different forces required for the two tools, meant that in practice for an initial set depth the residual scratches from tool A were 10% deeper than scratches made with tool B.
Scratches were produced in clad and unclad Al 2024-T351. Owing to differences in the work hardening exponents and E/H ratios (table 1) for the pure aluminum cladding and the Al 2024-T351, different extents of plastic deformation were obtained around the resultant scratch tracks. This plastic deformation plays an important role in fatigue crack initiation and propagation from the roots of these scratches.
After the scratches were made, the coupons were cross-sectioned and polished and etched to reveal the extent of the plastic deformation, and for nanoindentation testing.
Scratches were made with both tools to two different depths in the clad samples: scratches with a depth of 50 µm (less than the clad thickness) and scratches with a depth of 100 µm (greater than the clad thickness). Scratches were also made into unclad Al2024-T351 to depths of 50, 75, and 100 µm.
Nanoindentation testing
The mechanical properties of the Al-Clad and substrate Al2024-T351 were characterized using an MTS Nanoindenter XP system with a Berkovich indenter tip. The instrument was operated in basic hardness load-displacement mode, which simply records load, displacement and time. Indentations were made using a constant nominal strain rate (P˙/P) of 0.05 s -1 and drift rate of 0.05 nm s -1 . Indentations were made to depths of 600 nm. Our previous studies [10] have shown that indentations in these materials have a minimum of pile-up at this indentation depth. Indentations were made in an array around the scratch cross-section with 20 µm spacing between the indentations. The first row of indentations was made at a distance of 10 µm from the surface of the cladding and subsequent rows were spaced 20 µm apart. Figure 6 shows the arrangement of indentations in greater detail.
Fatigue testing
Four-point bend samples were prepared of size 50 mm  210 mm  2mm for the clad Al 2024-T351 and 50 mm  210 mm  1.8 mm for the unclad Al2024-T351. Samples were tested at a maximum stress of 200 MPa and a frequency of 5 Hz.
11 different samples were fatigue tested. Nine samples were tested to failure and two further samples, with scratches made by tool A, were fatigued to 250 000 and 500 000 cycles in the unclad Al2024-T351 samples. These cycles were well below the fatigue life of those particular samples, to observe the effect of cyclic loading on the hardness at the scratch root. After cycling, hardness mapping tests were conducted around the scratch routes in the same way as for the un-fatigued samples.
M a n u s c r i p t
Synchrotron X-ray diffraction
A map of the local strain variation around the scratches was made using the ID31 diffractometer at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. Data was obtained by diffraction from the (311) planes of the aluminium. The width of the diffraction peaks contains information on the microstresses in the material, which in turn are influenced by plastic damage [11, 12] : the local stress fields around dislocations collectively act to broaden Bragg diffraction peaks.
Measurements were made on 5091 aluminium, produced by a powder metallurgy process, which is ideal for synchrotron measurement owing to its fine grain size (~0.5 µm). This allows good diffraction data to be obtained even with a very small sampling gauge volume.
The 2024 material has a larger grain size and some crystallographic texture, which did not allow for good data acquisition using synchrotron X-rays with a fine sampling volume. The 5091 was scratched using identical conditions to the 2024, to see the hardening behaviour around the scratch profile.
Diffraction peaks were obtained using an X-ray beam with dimensions ~80  50 µm 2 .
Coupons of dimension ~20 mm  20 mm were extracted from scratched plates, and measurements were made of the strain component transverse to the scratch line. In this paper we report only the peak width data to provide correlation with the measured hardness changes. The scratch location was determined by careful wall scanning, where the scratch position was identified from the change in intensity as the gauge volume is translated through the sample surface and across the scratch.
A Gaussian profile was fitted to each diffraction peak.
Results and Discussion
Scratch profiles
The scratch cross-sections were examined by scanning electron microscopy, which revealed that for tool A, the scratch cross-section was not symmetric. There was an abrupt change in scratch profile on one side of scratch track as shown in Figure 5a . This irregularity was present in every scratch produced by this particular tool. For tool B the scratch cross-section was axisymmetric, and no irregularity in morphology was present, as shown in Figure 5b .
For both tools, pile-up of material was observed around the scratch track. For tool A the pileup was more severe compared to tool B (figure 7). Due to the irregular shape of tool A, the pile-up was not symmetric, with more pile-up on the side of the scratch which showed irregularity in profile as shown in Fig. 7a .
For tool A, the extent of material displaced around the scratch track was greater. A 'rough' scratch track, with deformed material or debris around the scratch was seen. The scratching of the surface had clearly been associated with a large amount of plastic deformation and displacement of material, rather than a cutting action by which material is simply removed. This phenomenon, in which material is deposited around the edges of a scratch in the form of plastic pads is known as "ploughing".
A c c e p t e d M a n u s c r i p t
In contrast, a very smooth scratch track was obtained for tool B, with very little deformed material around the scratch (figure 7b). This tool was clearly removing material by a cutting action, rather than by plastic deformation and displacement of material by the tool.
The difference in terms of the depth and width, and the irregular profile of scratch crosssection demonstrates that these two tools are different from each other when scratching. It has been reported that the shape of the tool, and in particular the 'attack angle' between the leading edge of the tool and the workpiece, along with the shear strength at the interface between the cutting tool and the surface, have a significant effect on deformation behavior around scratches. [16] observed the effect of tool attack angle on the wear mechanism. He found that for 30˚ attack angle the material was pushed primarily to the sides of the scratches, and a wedge was formed to the side and in front of the indenter without any loss of material. However for a 60˚ attack angle a transition of wear mechanism from ploughing to cutting, with chips in front of the indenter, was observed. Here the two tools produced different morphologies of scratches and different levels of deformation around the scratches. From figure 5 it can be seen that the tool profiles are significantly different, and although the images do not give information directly about the attack angle, the tool profiles suggest that Tool A has an attack angle of ~40˚ whilst for tool B the figure is closer to 30˚. Analysis of the cutting tracks indicates that that tool A is tending towards a ploughing action, while tool B is just cutting the material during scratching.
Hardness maps
Unclad material
The hardness environment around scratches with depths of 50 µm, 75 µm and 100 µm from both tools were investigated. In total five rows of indentations were made around each scratch as shown in Fig. 6 . The hardness results were found to be independent of the scratch depth in this range, so here results of only the 75 µm deep scratch from tool A and the 100 µm deep scratch from tool B are presented.
For scratches from tool A, hardness values were constant in the first two rows of indentations from the surface, which indicated there was no localized hardening effect in this region. The first row of indents was actually slightly too close to the surface, giving hardness measurements that were lower by 5-8%.
For the next three rows of indentations a distinct localized hardening effect was seen close to the scratch. The effect of this localized deformation extended up to 150 µm from the scratch center as shown in Figure 8a . The effect of increased hardness was present on both sides of the scratch, although the hardening was not symmetric. The hardness was higher beneath the irregular feature on the tool, where the hardness increased as much as 35%. For the other side the hardness increase was around 25%. This indicates that there was greater deformation below the irregular feature observed on the tool.
A c c e p t e d M a n u s c r i p t For the 50 µm and 100 µm scratches from tool B, the hardness values remained constant for all the rows of indentations (figure 8b) indicating that there is no localized work hardening effect (the first row of indentations 10 µm from the surface had a slightly lower hardness but these were indents were too close to the surface) This result is in agreement with Fig. 5b : it was evident that no localized deformation or work hardening layer was present around the scribe and all of the material had been displaced during cutting.
Hardness profiles below the scratch roots were also measured ( figure 9 ). For tool A scratches, a hardened region extending 100 µm was present below the scratch root. This layer was constant for every scratch and it did not change with the depth of the scratch, as shown in Figure 9a . The hardness was a maximum at the scratch root, and decreased continuously up to ~100 µm distance. This hardening can be attributed to the plastic deformation ahead of the scratch root, and this plastic deformation and the associated hardening plays a positive role in terms of the final fatigue life.
For tool B scratches, there was little evidence of any hardening at all below the scratch root, with perhaps a small hardness increase in the first 25 µm (figure 9b). The conclusion for tool B was that it removed material through a cutting mechanism that did not cause significant plastic work hardening around the tool flanks or below the root of the scratch it produced.
Clad material
The hardness maps obtained for the clad samples were also independent of the scratch depth, so results of only the 100 µm deep scratches are presented here. A similar scheme of indentations was performed as for the unclad Al 2024-T351. For tool A, the hardness values increased overall as the distance from the surface increased (figure 10a). The first row was again slightly too close to the surface for complete validity, and the third row of indentations straddled the interface between the clad and the substrate and an intermediate value of hardness was obtained. The final rows of indentations were located in the 2024 substrate region and these rows of indentations revealed a similar hardness behavior as for the unclad sample, indicating a localized hardening.
For tool B, no localized hardening effect was found near the scratches (Figure 10b ).
The hardness below the notch roots for 100 µm scratches from each tool is shown in figure  11 . For tool A, as for the scratches in the unclad material, a 100 µm layer was found in which the hardness was increased as much as 35% (figure 11a). The hardness then decreased continuously until it reached the parent material hardness after ~100 µm. For the tool B scratch, there was no hardening effect at the scratch root.
Diffraction peak widths
Figures 12a and 12b show diffraction peak widths obtained at the ESRF for scratches made by tool A and tool B in the 5091 aluminium. For the tool A scratch, a heavily-deformed M a n u s c r i p t region was observed, which is asymmetric around the scratch and where the highest deformation was observed on the side of the tool that showed a defect in the scratch profile. For the tool B scratch, no such heavily deformed region was observed around the scratch, with only a very small increase in the peak width observed in a small region near the scratch root.
Fatigue testing
The fatigue lives of the samples scratched with the two tools to various scratch depths are shown in Table 2 , and presented in Figure 13 . In general, the fatigue life of the samples with scratches made with tool A are substantially higher than the fatigue life when using tool B.
The exception is the 50 µm scratch made in the clad sample with tool A, which has an anomalously low life, although this has been observed previously for scratches within the clad layer that do not penetrate to the base metal. The higher fatigue life for tool A is attributed to the extensive plastic deformation and hardening associated with scratches made with this tool Several samples were fatigue loaded without being taken to failure, in order to observe the effects of cyclic loading on the hardness at the scratch tip. Figure 12 shows typical results that were obtained. No change in the hardness at the scratch root was seen in either clad or unclad material, for scratches produced with either tool.
It is therefore likely that the initial state of the material after the scratch is produced, in terms of the local hardness and residual stress, is not further affected by fatigue loading to a significant degree.
Conclusions
1. Nanoindentation has been used to map the hardness around scratches in clad and unclad 2024 aluminium alloy, for scratches produced with two different tools. The hardening around such features is extremely localized and a method is required with a very high spatial resolution in order to be able to discern the small-scale changes that are induced.
2. The two tools studied produced very different scratch profiles. Tool A was less 'sharp', and appeared to have some damage on the tool profile. Tool A produced a scratch by a ploughing rather than a cutting mechanism, and examination of the scratches it produced indicated that its attack angle was probably greater than for tool B. A higher attack angle is expected to tend towards ploughing during the production of a scratch.
3. Tool A showed significant hardening around the scratch, which was not seen for the sharper tool B. The hardening was correlated with results from synchrotron X-ray diffraction, which showed greater peak broadening (indicative of a higher degree of plastic damage) around the scratch from tool A, and also an asymmetry in the peak broadening associated with the damage on the tool profile.
4. No change in the local hardness around the scratch was observed with fatigue loading of samples containing scratches.
M a n u s c r i p t M a n u s c r i p t Table 2 
